ABSTRACT Physical-mechanical properties of egg constituents and their modifications during storage and poststorage greatly influence the efficiency of food processing, such as the separation of white and yolk by mechanical shelling. Thick albumen height, Haugh unit, yolk index and vitelline membrane-yolk system strength of eggs from Hy-Line White and Lohmann Brown hens were analyzed during 7 mo of storage at 0°C performing 3 poststorage treatments: i) immediately after refrigeration, T 1 ; ii) after a further 6 h at 18°C after refrigeration, T 2 ; and iii) after a week at 18°C after refrigeration, T 3 . For all qualitative parameters considered, this last poststorage treatment appeared to be the factor that produced the highest decrements; with respect to the first poststorage treatment, a further week at 18°C after refrigeration can involve mean decreases of about 19, 14, 14, and 16% in thick albumen height, Haugh unit, yolk index, and vitelline membrane-yolk system strength (in terms of maximum force), respectively. During about 7 mo of storage at 0°C, the latter parameter decreases, on average, by 10%. Increasing the storage time, physical-mechanical behavior was sometimes divergent from the observed trends.
INTRODUCTION
Immediately after laying and during storage, several biochemical, physical, and mechanical changes occur in egg constituents. These modifications are well-known and mainly concern the increase in volume of the air cell, the liquefaction of the thick albumen portion, and the weakening of the vitelline membrane separating the yolk and the albumen (Romanoff and Romanoff, 1949) . These phenomena are due or closely connected to the gas exchange (CO 2 ) that takes place through the shell and to the osmotic permeation of the water from the albumen into the yolk through the vitelline membrane (Li-Chan and Nakai, 1989; Solomon, 1991) .
During shelling, good separation of the albumen from the yolk is required: yolk contaminations can cause variations in important albumen functional properties and, above all, its foaming capacity (St. John and Flor, 1931) . The ability of the yolk to remain intact during breaking operations is correlated to the strength of the vitelline membrane-yolk system and, consequently, to the internal decay due to aging (Fromm, 1966) .
Physical parameters describing these modifications are the height of the thick albumen measured at a distance of 10 mm from the yolk or the questioned but widely used Haugh unit (Haugh, 1937; Silversides et al., 1993; Silversides and Villeneuve, 1994) , a logarithmic expression in which the thick albumen height is corrected for the egg weight. As a consequence of water migration through the vitelline membrane, the yolk tends to flatten, modifying the ratio, named yolk index, between its height and diameter (Funk, 1948) . The strength of the vitelline membrane-yolk system can be determined by measuring the vacuum or the vacuum time required to rupture the membrane by capillary suction (Munro and Robertson, 1935; Fromm and Matrone, 1962) or by measuring the rupture force with a compression device. Using a texture analyzer apparatus equipped with an extrusion cell, Kirunda and McKee (2000) found a significant decrease (about 54%) of the vitelline membrane strength in eggs stored for 15 d at 25°C with respect to collection; in a study by Berardinelli et al. (2005) , the rupture energy and the maximum force, obtained by driving a 2-mm-diameter probe into the highest point of the yolk, significantly decreased by about 40% after 30 d at 20°C.
The above-mentioned physical and mechanical properties are greatly influenced by storage conditions, above all time and temperature (Burley and Vadhera, 1989; Stadelman and Cotterill, 1995) . The decay of the albumen and vitelline membrane-yolk system is accelerated with greater storage temperatures, and this effect is extensively analyzed in the literature (Heath, 1976; Thapon and Bourgeois, 1994) . Eggs can be stored at 0°C for several months before shelling and processed some days after removal from the refrigerator at room temperature.
In addition to storage, the main factors affecting the internal quality of eggs are hen age and strain (Roberts, 2004) . Albumen and yolk weight gradually increase with hen age proportionally to the egg weight (Saveur et al., 1993) . In general, these increments are not followed by relevant alterations of the chemical composition of the dry matter apart from some lipid concentrations (Salichon et al., 1993) ; changes are instead observed on the dry matter content (albumen and yolk dry matter percentage decrease and increase, respectively, until the end of the laying period; Hurnik et al., 1977; Fletcher et al., 1983) . Hen age consequently affects albumen and yolk physical quality: albumen height can decrease by about 23% passing from 25 to 59 wk of hen age (Silversides and Scott, 2001) , and the yolk index can increase by about 13% from 8 to 56 wk of lay (Ngoka et al., 1983) . Differences between strains in albumen and yolk quality are also well known (Johnson and Merritt, 1955; Toussant et al., 1995; Tharrington at al., 1999; Scott and Silversides 2000; Khan et al., 2004) , but only few studies have been carried out on the effects of these last factors on the vitelline membrane, and they are not recent (Romanoff and Romanoff, 1949) . The aim of the present research is the assessment of the physical-mechanical properties of the albumen and the yolk and particularly the strength of the vitelline membrane-yolk system of eggs from 2 strains of hens, during 210 d of storage at 0°C and by considering different poststorage treatments.
MATERIALS AND METHODS
The physical and mechanical parameters of the albumen and yolk were measured on samples of 30 eggs each from in-cage Hy-Line White and Lohmann Brown hens. At collection (1 d after laying), the hens, fed roughly with the same diet, were 40 wk old. For each strain, tests were carried out after 15, 30, 45, 60, 75, 90, 120 150, 180 , and 210 d of storage at 0°C and, for the same day, 3 poststorage treatments were considered: T 1 , immediately after refrigeration; T 2 , after a further 6 h at 18°C after refrigeration; and T 3 , after a week at 18°C after refrigeration (Figure 1) . To characterize the eggs at collection, measures were also carried out 1 d after laying and at room temperature on samples from Hy-Line White and Lohmann Brown hens, respectively.
The following parameters were measured for each egg: mass (g), equatorial and longitudinal diameter (mm), thick albumen height (mm), Haugh unit, yolk index, and vitelline membrane-yolk system strength in terms of rupture energy (mJ) and maximum force (mN). Thick albumen height was obtained by averaging 3 measurements carried out at 10 mm from the yolk by means of a tripod digital calliper. This value was then used for the calculation of the Haugh unit (Haugh, 1937) : where H = the thick albumen height (mm) and M = the egg mass (g). The yolk index was determined by the ratio between the height and diameter of the yolk, where the measurements were carried out without separating the yolk from the albumen (Funk, 1948) . For the parameters concerning the vitelline membrane-yolk system, a simple apparatus for tension-compression tests, characterized by an electromechanical vertically moving arm (speed of 7 × 10 −4 m/s), was used (SCLB-S, Campana, Veduggio, Italy; Figure 2 ). The device was equipped with a 1-N tension-compression load cell (L 2357, Tekkal, Milan, Italy) and with a 150-mm potentiometer (LWH 150, Novotechnick, Ostfildern, Germany) to measure the force and the displacement, respectively. Force-displacements curves were analyzed using an acquisition device (PCI 6024 E, National Instruments, Austin, TX) and a virtual instrument created with LabView 5.1 (National Instruments). In particular, the vitelline membrane-yolk system strength was evaluated by driving a 2-mm-diameter cylindrical probe into the highest point of the yolk.
The influence of the analyzed factors (days of storage, poststorage treatments, strain of hens) and the mass of eggs on the physical-mechanical parameters (thick albumen height, Haugh unit, yolk index, and the vitelline membrane-yolk system strength) was evaluated by performing the multiple linear regression analysis (MLRA) with step-wise method to eliminate nonsignificant parameters (P > 0.05). In particular, regression models were obtained for each parameter within the same strain and considering both strains.
Significant differences between means (at different days of storage within the same poststorage treatment and strain, at different poststorage treatments within the same day of storage and strain, and at different strains within the same day of storage and poststorage treatment) were examined using ANOVA or the nonparametric Mann-Whitney test in the event of significant differences between variance means at the Levene test. Differences between means were considered significant at P < 0.05. Significant differences were also explored between means of the samples for the 2 strains at collection.
RESULTS
The eggs used in the present research were characterized (Hy-Line White and Lohmann Brown hens, respectively) by the following mean weight and dimensional parameters: mass, 58.6 g (±4.3 g) and 61.6 g (±7.6 g); equatorial diameter, 43.3 mm (±1.4 mm) and 44.0 mm (±1.2 mm); and longitudinal diameter, 57.4 mm (±2.7 mm) and 57.7 mm (±2.1 mm). With regard to the physical-mechanical parameters, at collection (1 d after laying at about 22°C), significant differences be- . No significant differences emerged between strains for these parameters.
Multiple linear regression models were calculated and analyzed to tendentially describe the effects of the factors on the physical and mechanical parameters; mean values for each day of storage were reported to underline cases that evidently and significantly differed from the trend lines. Just collected eggs (at room temperature) were excluded from the MLRA model data set to avoid the use of samples without temperature and physiological stabilization.
Analysis of the Regression Models
The results of the MLRA carried out within the same strain are shown in Tables 1 and 2 . The characteristics of the models obtained by also exploring the effect of the strain on the predicted parameters are given in Tables 3 and 4 .
Hy-Line White
According to the models in Tables 1 and 2 , for HyLine White eggs, it is possible to observe that about 7 mo at 0°C (210 d) produce decreases of about 0.8 mm and 5.6 units in thick albumen height and Haugh unit, respectively, with respect to the beginning of storage (15 d); every 30 d of storage, these parameters appear to diminish by about 0.12 mm and 0.9 units, respectively. Passing from the poststorage treatments T 1 and T 2 to T 3, significant decrements of the albumen quality are shown: 1.0 mm in thick albumen height and 8.9 units in Haugh unit (for both parameters, the poststorage treatment T 2 does not significantly differ from T 1 ). Thick albumen height is correlated positively to the mass of egg (an increase of 10 g in the mass produces an increase in this parameter of about 0.4 mm).
As regards the yolk index, a storage of 210 d at 0°C causes a slight significant decrement of about 0.01 units (about 0.001 units every 30 d) in this strain and with respect to 15 d. Major changes appear between eggs submitted to different poststorage treatments: 0.06, 0.04, and 0.02 units, are, respectively, the decrements observed in this parameter from T 1 to T 3 , from T 2 to T 3 , and from T 1 to T 2 .
According to the models for the vitelline membraneyolk system strength, the days of storage significantly 
Lohmann Brown
From the models obtained for Lohmann Brown eggs, 210 d of storage, with respect to 15 d, produce decrements of about 0.5 mm and 4.4 units in the thick albumen height and in the Haugh unit, respectively (about 0.1 mm and 0.7 units every 30 d of storage). Comparing posttreatments T 1 with T 3 , T 2 with T 3 , and T 1 with T 2 shows the following decreases, respectively: 0.9, 0.7, and 0.3 mm for the thick albumen height and 9.3, 6.8, and 2.5 units for the Haugh unit. An increase of 10 g in the mass of eggs involves an increment of about 0.1 mm in the thick albumen height and a decrement of about 3.3 units in the Haugh unit.
Contrary to the Hy-Line White trend, after 210 d of storage and with respect to 15 d, the yolk index increases in this strain by about 0.01 units (about 0.001 units every 30 d). As for Hy-Line hens White, significant decrements of this parameter are observed in Lohmann Brown samples, passing from T 1 to T 3 , from T 2 to T 3 , and from T 1 to T 2 : 0.05, 0.02, and 0.03 units, respectively. An increase of 10 g in the egg mass produces a decrease of about 0.01 units in yolk index.
As regards the vitelline membrane-yolk system strength, the rupture energy and the maximum force decrease by about 0.03 mJ and 3.4 mN, respectively, from 15 d to 210 d of storage (about 0.004 mJ and 0.5 mN every 30 d of storage). Also for Lohmann Brown, the poststorage treatments influence these parameters in a different way: the rupture energy significantly increases from T 1 to T 2 (about 0.01 mJ) and significantly decreases from T 2 to T 3 (0.02 mJ), and the maximum force decreases by about 5.3, 3.5, and 1.8 mN from T 1 to T 3 , from T 2 to T 3 , and from T 1 to T 2 , respectively. Finally, an increment of 10 g in the mass of egg increases the maximum force by about 1.5 mN.
Both Hen Strains
From the models in Tables 3 and 4 , passing from HyLine White to Lohmann Brown hens, the thick albumen height and Haugh unit significantly decrease by about 0.7 mm and 6.9 units, respectively; on the contrary, the yolk index, the rupture energy, and maximum force significantly increase by about 0.02 units, 0.01 mJ, and 2.6 mN, respectively. As regards these last 2 parameters, significant lower values emerged at collection for Lohmann Brown hens with respect to the Hy-Line White (0.03 mJ and 6.7 mN for the rupture energy and maximum force, respectively): these differences are mitigated after storage and poststorage treatments. Table 4 . Probability values of the independent variables used in the models in Table 5 . Mean values of the thick albumen height (mm) during 210 d of storage at 0°C and 3 poststorage treatments (T 1 , immediately after refrigeration; T 2 , after a further 6 h at 18°C after refrigeration; and T 3 , after a week at 18°C after refrigeration) A-C Means within a line with the same superscript letter are not significant for different poststorage treatments within the same day of storage and strain (P < 0.05).
Days of storage
α,β Means within a line with the same exponent letter are not significant for different strains within the same day of storage and poststorage treatment (P < 0.05). Table 6 . Mean values of the Haugh unit during 210 d of storage at 0°C and 3 poststorage treatments (T 1 , immediately after refrigeration; T 2 , after a further 6 h at 18°C after refrigeration; and T 3 , after a week at 18°C after refrigeration) a-f Means within a column with the same superscript letter are not significant for different days of storage within the same poststorage treatment and strains (P < 0.05).
A-C Means within a line with the same superscript letter are not significant for different poststorage treatments within the same day of storage and strain (P < 0.05).
α,β Means within a line with the same exponent letter are not significant for different strains within the same day of storage and poststorage treatment (P < 0.05). Table 7 . Mean values of the yolk index during 210 d of storage at 0°C and 3 poststorage treatments (T 1 , immediately after refrigeration; T 2 , after a further 6 h at 18°C after refrigeration; and T 3 , after a week at 18°C after refrigeration)
Hy-Line White Lohmann Brown A-C Means within a line with the same superscript letter are not significant for different poststorage treatments within the same day of storage and strain (P < 0.05).
α,β Means within a line with the same exponent letter are not significant for different strains within the same day of storage and poststorage treatment (P < 0.05).
According to the models in Table 3 , an increase of 10 g in mass of eggs produces an increment in the thick albumen height of about 0.2 mm and a decrement in the Haugh unit of about 2.4 units; even if not considerable, a significant decrement also emerges for the yolk index (0.004 units). For the rupture energy and the maximum force, the increase of 10 g in mass increases these parameters by about 0.01 mJ and 1.7 mN, respectively. Generally, the contribution of the mass is due to the significant effect of this parameter, which emerged in the regression carried out within the same strain (Tables 1 and 2 ).
Analysis of Single Cases
The mean values and the relative standard deviations of thick albumen height, Haugh unit, yolk index, rupture energy, and maximum force measured after different days of storage at 0°C and 3 poststorage treatments for both strains are shown in Tables 5, 6 , 7, 8, and 9, respectively. An evident discrepancy between the trend in Tables 1 to 4 Means within a column with the same superscript letter are not significant for different days of storage within the same poststorage treatment and strains (P < 0.05).
A-C
Means within a line with the same superscript letter are not significant for different poststorage treatments within the same day of storage and strain (P < 0.05).
α,β
Means within a line with the same exponent letter are not significant for different strains within the same day of storage and poststorage treatment (P < 0.05).
QUALITY ASSESSMENT OF EGGS FOR FOOD-PROCESSING

DISCUSSION
To reduce contamination of the albumen with the yolk, the strength of the vitelline membrane-yolk system has a great importance during the mechanical shelling process. The ability of the yolk to withstand rupture was significantly influenced by the storage duration, the poststorage treatments, the strain, and the mass of eggs. In particular, the maximum force required to rupture the vitelline membrane-yolk system was mainly affected by a further week of storage at 18°C after the refrigeration (−16%, on average) with respect to the values obtained immediately after refrigeration. Standing for several days at room temperature (variable according to the season) after refrigeration can frequently occur in eggs for food-processing.
After about 7 mo of storage at 0°C, on average, the maximum force tendentially decreased by about 10%. Passing from Hy-Line White to Lohmann Brown eggs, it increased on average by about 9%. This last phenomenon can be due to structural differences in the membrane-yolk system between strains and also to the higher value of the egg mass measured in Lohmann Brown samples, because it emerged that mass is positively correlated with the maximum force. No substantial variation emerged for the yolk index during storage and between poststorage treatments and hen strains.
The decrease of the thick albumen due to about 7 mo of storage was on average about 13%. A different postrefrigeration treatment was shown to involve a mean decrease of about 18%.
Singularities emerged for the values of the examined quality parameters during days of storage with respect to the observed trend. They can be interpreted as the results of the structural and chemical modifications and interactions that yield mechanical behavior sometimes divergent from linearity. Table 9 . Mean values of the maximum force (mN) during 210 d of storage at 0°C and 3 poststorage treatments (T 1 , immediately after refrigeration; T 2 , after a further 6 h at 18°C after refrigeration, and T 3 , after a week at 18°C after refrigeration) 
Days of storage
